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INTRODUCTION
The primary objective of this study was to compare certain structural characteristics of three forests with some fundamental measures of energy flow.
1 Received January 11, 1971; accepted June 28, 1971.
The study area was composed of the three forest types occurring in sequence along a gradual slope. Visible light data were collected between 1100 and 1300 hr CST on a clear day in mid-June with a Weston illumination meter. Readings were recorded at 1 m and ground level at 60 points in each forest. The points were established at 2-m distances along long axes of the forests.
Vegetation
Trees.-All stems, dead and living, and taller than 1.4 m (4.5 ft), were tallied in the study plots exc-pting those of American hazel (Corylus americana) and beaked hazel (Corylus cornuta), which were defined as shrubs. Information collected on each tree included species, location by quadrat, diameter at breast height to 0.1 inch (0.225 cm), whether living or dead, and whether it was an individual stem or member of a sprout ring. Every stem was given an identification number, and data were recorded on punch cards. Each species population was divided into dead and living classes, and these, in turn, were organized into 0.5-inch (1.125-cm) interval dbh size classes.
Sample trees were chosen from each species population by first tabulating the size-class distribution pattern for the species, then determining the size classes to be represented in sampling. The criteria for these decisions were: (1) at least 10% of the total stems in a population were sampled; (2) sampling was weighted around the peaks of the size-class distribution curves; and (3) the entire range of size classes was represented. Individual stems were then randomly selected from within size classes to be sampled.
Restrictions within Cedar Creek Natural History Area prohibited cutting living trees for assessment of mass and growth rates. Alternatively, trees were climbed to gather necessary data. Each tree was climbed with the aid of a sectional ladder as high as flexibility of the main stem permitted. This height was determined primarily by the taper and stiffness of the main stem. Thus, within species, trees were sampled at approximately the same stem diameter.
The following data were collected on each living tree: (1) diameter above basal swell; (2) diameter of the stem at the highest point climbed; (3) thickness of basal bark; (4) thickness of bark at the highest point climbed; (5) length of bole from the ground to the highest point; (6) average annual wood increment over the last 10 years at breast height; (7) weight of dead wood attached directly to the bole up to the highest point; and (8) number of branches within basal diameter size classes (0.5-cm increments up to 5 cm diameter and 1-cm increments above 5 cm). Seventy-six living trees were sampled in this way-the number within species varying with sizeclass range and population size. Several minor species were not sampled. The following substitutions were made for these species: regressions for Betula papyrifera were used for Populus grandidentata, Prunus serotina, and Larix laricina; regressions for Ostrya virginiana were used for Carpinus caroliniana; and regressions for Ulmus americana were used for Cornus alternifolia.
Branch data from sample trees were tabulated by size classes within each species. Representative branches of these classes were randomly selected as described for sample trees and cut in late August and early September for separation into dead wood, leaves, current shoots, old wood and bark, and fruits. This season was the approximate peak of biomass (Ovington, Heitkamp, and Lawrence 1963) and preceded the translocation of nutrients from leaves back into woody tissues. The portions of the sample trees above the point reached in climbing were treated as branches, so within a species several trees were topped and added to branch samples for dissection. Samples of branch material were ovendried for 48 hr at 550 C in forced-draft ovens. Dry weight corrections were then applied to fresh weights.
Thuja occidentalis presented a special problem in separating current foliar growth from total foliar mass. A search of the literature and several inquiries among plant morphologists and ecologists established that apparently no-one has yet analyzed the complex pattern of terminal appressed leaf growth, scale thickening, and branchlet abscission in Thuja and related conifers to determine the proportion of foliage representing a current year's production. The assumption that turnover of cedar foliage is about 35% was made in this study on the basis of foliage turnover in other conifers. Similar percentages are 45% for Pinus rigida (Whittaker and Woodwell 1969), ca. 50% for Pinus echinata (Whittaker, Cohen, and Olson 1963) , 26% for Abies balsamrea (Baskerville 1965) , and 35% for Picea g'auca (Clark 1961) . Discussion of the range of error associated with this assumption is given in the following section.
Log-log, and in a few cases, arithmetic linear regression equations were calculated for dry weight of branch components by branch basal diameter. Annual lateral growth of combined wood and bark of old branch material was estimated by dividing total weight by age estimates derived by age/diameter regressions. Estimates of total weight of branch components on sample trees were then calculated on the basis of these regressions together with branch inventories taken while climbing trees. From these estimates new regressions of weight of branch fractions by bole diameter at breast height were calculated. These regressions were applied, in turn, to the inventory of stems on the forest plots to estimate total weight of branch material by species within forests.
Tree boles were treated as frustra of right cones in this study since they were truncated at 'the upper limit of bole measurement. The total volumes of the truncated boles were estimated by the equation h V = s-_ (r12 + rlr2 + r22), in which h is the bole height, r1 is the radius at the base, and r2 is the radius of the truncated top. The volume of the woody portion of the bole was calculated by subtracting bark thicknesses from bole radii and recalculating volume. The difference between total bole volume and wood volume was bark volume.
Lateral wood increment was calculated with the formula for a curved surface of the frustrum of a right cone: A = x (r1 + r2) /h2 + (r1 -r2).
Area data calculated by this formula were multiplied by the mean wood increment derived from increment borings corrected for variation with height by a factor of 1.2 (Whittaker 1966), which gave volume estimates of lateral wood production.
Lateral bark increment on boles was estimated as a proportion of wood increment (Whittaker 1966 
):
A wood A bark = total bark X total wood Conversions of wood-and bark-volume estimates to dry weight were obtained by multiplying volumetric estimates by wood and bark density values. Densities in dry g/fresh cm3 were determined by both immersion and direct volume measurements of increment cores, cross sections of large branches, and bark samples removed from living trees.
By these procedures estimates of total bole wood, lateral wood increment, total bark, and bark increment were calculated for each sample tree. Dead wood in the form of dead branches attached directly to the bole had been directly measured by weight in the sampling process. Log-log regressions for all of these parameters were calculated on tree diameter at breast height. From these regressions and tree inven-tories, bole parameters were calculated for all trees in the three forests.
Standing dead trees were tabulated in diameter classes and samples selected as described for living trees. These were felled, sectioned, weighed, and corrected to dry weight.
Shrubs.-Corylus americana and C. cornuta were the only species treated as tall shrubs. In each forest these were sampled in two, randomly placed 1-by 1-m quadrats in every 10-by 10-m quadrat. Shrub sample area represented 2% of the area in each forest. All stems within these quadrats were clipped at the base and divided into dead wood, old wood and bark, current wood and bark, and leaves.
Herbs and low shrubs.-Two 1-by 0.5-m quadrats were randomly placed in each 10-by 10-mr quadrat. Thus each forest study plot had 32 herb quadrats representing 16 M2, or 1% of the area for herb sampling. These quadrats were visited fortnightly through the summer of 1967, and density data were recorded until senescence in individual species began to appear. At that time plants of the species in question were collected in the vicinity of quadrats in which they had been recorded. Plants were collected regardless of condition along lines extending from a specified corner of the herb quadrat to the center of the 10-by 10-m quadrat. The number of individuals collected near a quadrat was determined for each species by plant size, density, and number of quadrats in which it occurred. This material was separated into aerial and subterranean organs, cleaned, dried as described for trees, and weighed. Density data were multiplied by dry weight per plant to give subterranean and aerial weights for herbs and low shrubs by species.
In the cases of low shrubs, further separation into old wood and bark, current wood and bark, and leaves was required.
Litter fall
Tree and tall shrub litter fall was collected from June 1965 through May 1967 in square, 0.5-M2 litter traps with 15.2-cm side walls and bottoms of copper window screen. The screen bottoms were held in light contact with the forest floor. Six of these traps were randomly placed in each forest.
Tree and tall shrub litter was collected weekly from these traps during autumn, fortnightly during spring and summer, and whenever snow and ice permitted during the winter. The bulk of the litter consisted of leaves, but also included twigs, bark, flower parts, fruits, dead insects, and insect frass.
Litter contribution by herbs and low shrubs was also collected in the small herb quadrats described above. The shoots of herbs and leaves of low shrubs were collected in weekly visitations as they died through late summer and fall of 1966 and during early spring 1967. All litter material was dried for 5 days at 550 C.
Forest floors
Forest floors were sampled during August 1966, the month when detritus was minimal. L, F, and H layers were collected from sixteen 0.5-by 0.2-mi quadrats placed stratified-random fashion in each forest. In the fen and swamp, deeper samples were collected from two soil pits in each forest. Details of sampling are given in Reiners and Reiners (1970) . Forest-floor material was air-dried for 2 weeks or less, then ovendried at 550 C for 48 hr.
Calorimetry
Subsamples of all the tissues were burned in a Parr adiabatic, oxygen bomb calorimeter to obtain caloric equivalents. Subsamples from three sample trees or branches, depending on the material, were selected within each species. Each of these was tested twice or until caloric values were obtained within 100 cal/g dry weight; mean values of these replicates were used in calculating caloric content of forest mass of a particular tissue. Appropriate corrections were made for acid formation and fuse wire ignition (Parr Instrument Company 1960). Special procedures required for some of the forest-floor samples are described in Reiners and Reiners (1970) .
RESULTS AND DISCUSSION
Plant-community structure Density, basal area, frequency (percentage occurrence in sixteen 10-by 10-mi quadrats), and importance values of tree populations are given in Table 1 . Biomass and production data are given for tall shrubs in Table 6 and for herbs in Table 7 .
Community integrity.-Species-distribution data in Tables 1 and 7 suggest a community continuum along the topographic gradient rather than three distinct forest types. This impression is supported by field observation of certain variables. Many herbaceous species were common to both the marginal fen and swamp forests, and minor vegetation and soils of the fen were definitely transitional with those of the oak forest. On the other hand, Quercus ellipsoidalis and Fraxinus nigra, the dominants of the oak and fen forests respectively, overlapped only slightly so that from the ground and air the boundary between canopies was evident. Also, the occurrence of the swamp forest dominant, Thuja occidentalis, in fen tabulations was based partly on fallen but still living stems extending over the fen area.
Thus, in some respects these three communities were discrete, and in other respects, continuously distributed. For purposes of interpreting data of this study, it may be most practical to view the three forests as dominance types along a community continuum. Distribution of numbers.-The fen had the highest density of tree stems (3,348/ha), the swamp an intermediate density (2,755), and the oak forest the lowest density (1,788/ha) ( Table 1) . Thirteen per cent of the stems counted as trees in the fen were alders, which might, in fact, be considered tall shrubs. If alder stems were subtracted from the totals, density in the fen would still be somewhat higher than in the oak forest, but less than in the swamp.
Basal areas in the oak and fen forests were very similar, 26.5 and 25.1 m2/ha, and much less than the basal area of the swamp, 42.2 m2/ha. Quercus ellipsoidalis contributed 75% of total basal area, denoting marked dominance by this species in terms of basal area. Although basal area of Thuja occidentalis in the swamp was higher than that of Quercus ellipsoidalis in the oak forest (24.4 compared with 19.8 m2/ha), Thuja contributed a smaller percentage of total basal area of the swamp (65%). Basal area was evenly distributed in the fen between the principal contributors, Fraxinus nigra and Thuja occidentalis.
Comparison of frequency data with density data for oak forest trees suggests clumping, or contagious distribution, for Ostrya virginiana. Similar comparisons with fen data indicate contagious distribution for Thuja occidentalis, and especially Alnus rugosa. Contagious distributions are also indicated for Ulmus americana, Alnus rugosa, and Fraxinus nigra in the swamp. All three of these species were most prominent in the fen, and their restricted distribution in the swamp resulted from their local high densities in a lobe of fen which crossed the linear fen-swamp boundary.
Importance values are synthetic measures of importance based on density, basal area, and frequency as described by Curtis (1959:74) .
In general, they paralleled density and basal area values, but differences occurred where species differed significantly in size from other species or were contagiously distributed (Table 1) .
Densities of tall shrubs were not recorded. Biomass and production estimates for this stratum are presented in Table 6 . Density data on herbs and low shrubs are of little value for describing structure of these forests because of the great range of individual size among the numerous species. Comparisons between forests with regard to this stratum are better discussed in terms of biomass and production to follow later (Table 7) .
Phytosociological relationships.-Modern phytosociological analyses have not been carried out for the Anoka Sand Plain, but studies for nearby areas provide some opportunity to relate these forests to a broader synecological context. The oak forest of this study appears to have no clear relationship with any of Janssen's (1967) releves for vegetation in the vicinity of Lake Itasca, Minnesota (Fig. 1) Table 7 for herbaceous and low shrub species only includes those recorded in the sample quadrats, however, so it is less than a full floristic list.
The upland oak forest was composed of 39 species: 10 tree species, 1 tall shrub species, and 28 herbaceous and low shrub species (Tables 1 and 7 ). The -marginal fen forest was composed of 59 species: 14 tree species, 1 tall shrub species, and 44 herbaceous and low shrub species. The cedar swamp was composed of 43 species: 9 tree species and 34 herbaceous species. The comparative richness of the fen is, in large part, predictable because of its intermediate position between oak and swamp forests and the incursion of species into this boundary zone. The equitability component of diversity will be discussed in terms of primary production in a later section.
Energetics and structure
Tree strata.-Tree biomass and production data are given in terms of weight (Table 2 ) and caloric content (Table 3) . Caloric coefficients can be calculated from these tables, and more specific data are available on request. Energy content of forest components basically parallel weights of components, so distribution of biomass and production are discussed in terms of weight only. Variations from this parallel relationship are described in a later section.
Aboveground biomass varied 1.6 times between aProduction total is the sum of current twigs, foliage, and fruits, plus lateral bole wood, bole bark, and branch wood and bark. bDifferences between sums of columns and printed totals are due to rounding errors.
cOnly 35 % of Thuja occidentalis foliage was added as production.
the lowest total, 98 mt/ha in the fen, and the highest, 159 mt/ha in the swamp. The oak forest was intermediate with 124 mt/ha. Percentage distributions of biomass among tree fractions (Table 9 ) indicate a decrease in relative bole weights and an increase in branch components in the order oak, fen, swamp. Production of the tree strata paralleled biomass. The highest production was 10.1 mt/ha in the swamp, 1.6 times greater than production in the fen at 6.5 mt/ha. The oak forest was again intermediate with 8.7 mt/ha (Table 2) .
Within tree strata the contribution of bole wood and bark to production was especially high in the oak forest, on both a weight and percentage basis (46% compared with 38% and 35% in the fen and swamp forests) ( Table 9 ). Whittaker (1966) generalized that stem-wood production was in the range of 35% for climax forests of more favorable environments. The exceptionally high percentage in the oak forest was the result of high wood density and a low proportion of branches to total weight in both Quercus alba and Q. ellipsoidalis (Table 2) .
The percentages of total production contributed by lateral wood and bark on branches were 10.0, 13.7, and 16.2 for oak, fen, and swamp, respectively. The low contribution of branches in the oak forest in particular reflects the small biomass of branches in both oak species in that stand. A comparable percentage for the more open Long Island oak-pine forest, also a northern sand plain forest, is 24.3% (Whittaker and Woodwell 1969). Whittaker (1966) stated that the relative contribution of branches to total production increased from denser to more open stands, and Satoo (1967) showed that branch bio- aProduction total is the sum of current twigs, foliage, and fruits, plus lateral bole wood, bole bark, and branch wood and bark. bDifferences between sums of columns and printed totals are due to rounding errors. cOnly 35 % of Thuja occidentalis foliage was added as production.
mass, and presumably production, declined with increasing density. The oak and swamp forests were relatively dense and the oak stand in particular was undergoing significant thinning through natural selective processes. Evidence for this thinning lies in the high weight of dead trees and branches (Tables  2 and 8 ).
Percentages of tree production contributed by current twigs and "fruits" were 4.1, 4.6, and 8.2 for the oak, fen, and swamp, respectively. No current twigs were registered for Thuja occidentalis because of its growth habit. Nevertheless, production contributed by current twigs and fruits of the swamp was more than double that of the oak and fen forests, due, in large part, to the heavy ament and cone production of Betula lutea, B. papyrifera, and Thuja. Fruits were also recorded on Ostrya virginiana in the oak forest.
Fruits of trees bearing in early summer, such as Acer rubrum, Ulmus americans, Populus grandidentata, and Amelanchier, were not assessed. Acorns were not found on the oaks.
Foliage production of trees was roughly equal in all three forests on a percentage basis (39.5%, 44.1 %, and 40.4% in oak, fen, and swamp, respectively), while the absolute differences varied by ratios of 0.84/0.70/1.00 in the same order. A comparable percentage from the Long Island oak-pine forest is 44.1% (Whittaker and Woodwell 1969), and percentages for some Japanese forests range from 25 to 41 (Satoo 1970) .
The sum of percentages of production for all branch components (lateral branch growth, current shoots, foliage, and fruits) were 53.6%, 64.4%, and 64.8% for oak, fen, and swamp, respectively. A com-parable figure from the Long Island oak-pine forest is 78% (Whittaker and Woodwell 1969). The range from six Japanese forests is 35-66% (Satoo 1970). Whittaker (1966) gave a range of branch-to-stem production ratios from 25% to 108%, indicating that variation is high and comparisons between forests are likely to be broad.
Summarizing comparisons among components of the tree stratum, the first outstanding difference among the three forests is the unusually large proportion of productivity contributed by bole growth in the oak forest. This was conversely reflected in the low contribution by branch components in comparison to fen and swamp forests. The difference among branch components of the three forests was greatest for lateral growth and less for current twig and foliage growth. Trees of the oak forest appear to invest nearly the same proportion of energy into new leaves as trees of the fen and swamp, without a concomitant investment in branch growth.
Reliability of tree-strata estimates.-Tree-strata estimates are subject to several kinds of assumptions and errors. Bole volumes and therefore biomasses are probably slightly low because the truncated conic volumes underestimate parabolic volumes which better represent tree geometry. Parabolic volumes were difficult to estimate because of the bole-truncation technique required in this work.
The accuracy of estimating bole radial growth was limited by the inability to determine radial growth up the length of tree boles to,',' develop adjusting coefficients for each species. Whittaker (1966) cited a range of coefficients from 1.0 to 1.6 in arborescent shrubs and 1.2, 1.4, and 1.5 in three tree species. Application of a coefficient of 1.2 to all species represented a small improvement over no adjustment, but may have been inaccurate for specific species such as Thuja occidentalis which has a strong taper to the bole. For the forests in general, the coefficient' of 1.2 probably slightly underestimated bole radial growth.
The' method used for estimating lateral growth of branches very likely underestimated production. Division of branch weight by age gives an average value for the lifetime of the branch rather than current growth. Since surface area increases with size, the proportion of total weight added actually increases each year as long as radial increments remain the same. -To this systematic underestimate' was added the random error of dividing branch weight by an estimated age derived from regressions, instead of the actual age of each particular branch. Another method, which takes into' account growth rate with age (Whittaker-1965a, Whittaker and Woodwell 1968) , was applied to these data, but results were unrealistically "high and were not used. Based on other published ratios of branch production to branch biomass (Whittaker '.1966), the estimates for branch lateral growth could be as low as half of true values, which might lead to an underestimate of total forest production by slightly less than 10%.
Regressions for branch fractions on branch diameter are listed with correlation coefficients and estimates of the deviation of y around x (Table 4) in forms developed by Whittaker and Woodwell (1968) . Estimates of deviation (E values) for linear regressions (denoted by asterisks) are the standard errors of estimate divided by mean y's. These estimates are analogous to a coefficient of variation. Standard errors of estimate for regressions transformed to a log-log form are logarithms; therefore the antilog is a factor by which y is multiplied or divided. The measure of deviation represented by E in these cases is the antilog of the standard error of estimate.
The high correlation coefficients in Table 4 lend misleading confidence in these regressions. Much of the high correlation is contributed by the very great range of values involved in the computations. The more useful statistics are the estimates of deviation (E). In general, high values of E (> 2.0) are associated with extremely variable and relatively unimportant dead wood and fruit fractions. Ovington, Forrest, and Armstrong (1967) experienced similar difficulties with these fractions. Dead wood was not included in estimates of biomass, and fruits were not only of minor importance in terms of weight, but were present on a minority of species as well.-Although estimates. for these two fractions are 'sometimes poor, they represent a reasonable work effort with respect to their importance, a criterion which must be considered in view of the expense' in' collecting field data for dimensional analyses of mixed forests.
Excluding dead wood and fruit regressions, 10 of 47 regressions in Table 4 have E values greater than 2.0. Of these 10, seven involve regressions for current twigs. Current twig growth was extremely variable and often quite reduced in'comparison with the weight of leaves produced. Betula lutea presented an extreme case in which many large branches had only short-shoot twig growth at apices, but each shortshoot had generous clusters of leaves.
These measures of deviation seem, in general, large, and it is not known if they are atypical. Few forest-production studies provide measures of deviation with regressions (Attiwill 1966 The reliability of fen and swamp production estimates are considerably affected by the assumption of 35% turnover in Thuja foliage, since Thuja foliar biomass is very high in these forests. Alternative percentages of 20% and 50% might be regarded as extreme ranges of turnover, giving estimates of 9.47 and 11.16 mt/ha respectively, for swamp forest treestratum production. These outside estimates represent differences of 7% and 10% of the tabulated estimate of 10.14 mt/ha. Shrub strata.-The contributions of tall shrubs, Corylus americana and C. cornuta, to forest biomass and production were small (Table 6 ). Biomass was only 212 and 281 kg/ha and production 58 and 65 kg/ha in oak and fen forests, respectively. Neither species occurred in the swamp. Distribution of tall shrubs was spotty, causing high variation around means. Standard errors for biomass were 84 kg/ha in the oak forest and 86 kg/ha in the fen.
Production in the shrub strata was estimated by only two components: foliage (86% and 89%) and current twig growth (14% and 11%) in oak and fen forests, respectively. According to Ovington et al. (1963) , another 30% of total shrub production is contributed by lateral growth in old stems. This missing 30% is trivial in relation to the contribution of shrubs to forest production: 0.6% and 0.9% in the oak and fen forests, respectively.
Herb strata.-Total biomasses, including both above-and below-ground organs, for the herb strata were 396, 1,881 and 542 kg/ha in oak, fen, and swamp, respectively (Table 7) . Aerial biomasses only are listed in Tables 8 and 9 to retain consistency with tree data which are for shoots only. The weight of subterranean organs can be calculated by subtracting production figures (aerial shoots) from total biomass for most species in Table 7 .
Herb-strata production figures were 150, 489, and 180 kg/ha in oak, fen, and swamp, respectively. Production of herbaceous species was calculated simply as the weight and energy content of the aerial shoots. Low-shrub production (Vaccinium angustifolium and Gaultheria procumbens) was calculated as the sum of current twigs and leaves. Caloric coefficients can be calculated from the production column in calories in Table 7 .
Herb production data correspond roughly with light-penetration data. Geometric means of light penetrating to the 1-m level were 3.9%, 9.3%, and 2.1% of maximum in oak, fen, and swamp forests, respectively. Ratios of these values in the same order are 0.42/1.0/0.23 compared with herb shoot ratios of 0.31/1.0/0.37.
Geometric means of light at the ground level were 2.4%, 1.8%, and 1.6% of maximum for oak, fen, and swamp, respectively. In spite of differences in ecosystem structure, nearly equal amounts of light are reflected or absorbed by each ecosystem as a whole.
Because of the manner in which biomass and pro-< duction were calculated from density and averageplant weights, results are averages of two halves of each study area so that n = 2. Standard errors for herb production of 71, 118, and 53 kg/ha for oak, fen, and swamp, respectively, were high, reflecting both low n and the highly variable distribution of herb cover.
Nearly all herbaceous species in this study were perennials and some proportion of shoot growth was produced at the expense of underground storage organs. The method used was therefore accurate if the energy debt to the underground organs had been repaid at the time of clipping (maximum shoot biomass). Judging from the shrunken appearance of herbs after fruiting, one might suspect that the resorption of nutrients and energy may not be completed until well after the shoots reach maximum biomass. If this is true, production by the herbaceous layer was overestimated by this method, and actual production lies between maximum shoot biomass and herbaceous litter. As an example, the range for the oak forest lies between-150 kg/ha maximum biomass and 97 kg herbaceous litter. Such a range, though broad in itself, does not represent a significant error in total community production (Tables 8 and 9 ).
Total community biomass and production. aSpecies are arranged in an approximate continuum from upland to swamp based chiefly on density data. bThe following species were'recorded in quadrats but were too rare or small to warrant estimation of biomass and production. Those principally in the oak forest were Amphicarpa bracteata, Apocynum androsaemifoliuim, Diervilla lonicera, Equisetum sylvaticum, Helianthus giganteus, Smilacina stellata, Aquilegia canadensis, and Rubus idaeus. Those principally in the fen were Viola pallens, Gaylussacia baccata, Ribes triste, Trillium cernuum, Rhus radicans, and Ribes hirtellum. Those principally in the swamp forest were Caltha palustris, Botrychium virginianum, Coptis groenlandica, Corallorhiza trifida, Dryopteris disjuncta, and Lysimachia thrysifolia.
Aboveground biomass totals for oak, fen, and swamp forests were 125, 99, and 160 mt/ha, respectively (Table 8 ). The tree strata accounted for over 99% of biomass in each forest; shrub strata contributed 0.2% and 0.3 % in the oak and fen forests; herb strata contributed 0.1%, 0.5%, and 0.1% in oak, fen, and swamp forests, respectively. These total biomass estimates fall into the low range of Smoky Mountain forest values (Whittaker 1966) , are higher than the 66 mt/ha value for the Long Island oak pine forest (Whittaker and Woodwell 1969), and are less than the 164 mt/ha value for an Anoka Sand Plain oak forest in the vicinity of this study area (Ovington et al. 1963 ).
Aboveground net production totals for oak, fen, and swamp forests were 8.9, 7.1 and 10.3 mt/ha, respectively (Table 8) . Production was slightly more evenly distributed among strata than was biomass. The tree strata accounted for 97.7%, 92.2%, and 98.3% of the total in oak, fen, and swamp, respectively, compared with over 99% for biomass in all three forests. The shrub layers contributed 0.6% and 0.9% in oak and fen, respectively, and the herb layer contributed 1.7%, 6.9%, and 1.7% of oak, fen, and swamp production, respectively ( Table 9) . As expected from physiognomic appearance, production was most evenly distributed among strata in the fen. These production totals fall into the low to intermediate range of totals for Smoky Mountain forests (Whittaker 1966) Foliage weights vary by ratios of 0.46/0.56/1.0 for oak, fen, and swamp, respectively. Differences in foliage weights represent a major structural difference between the three forests. The major contributor to this variation was Thuja occidentalis for which the weight of foliage was far out of proportion to basal area (Table 1) , or to biomass (Table 2) compared with deciduous species. Production-to-foliage ratios for oak, fen, and swamp are 2.45, 1.60, and 1.30, respectively, inversely corresponding with an increase of Thuja in the tree strata. Conifers have higher foliage weights and somewhat higher productivities than deciduous trees in general in the same environments (Whittaker 1966 , Satoo 1970 .
The ratios of production to chlorophyll may vary from, the production-to-foliage ratio. Ovington and Lawrence (1967) indicated that large amounts of chlorophyll exist in branches of oak trees, perhaps as much as 37-70% of leaf chlorophyll during the summer months.
Basal area, a fundamental measure of forest structure,; roughly parall-es-biomass and production. The ratios for basal, area among oak, fen, and swamp forests, respectively, are 0.63/0.59/1.00 (Table 1) . Ratios for biomass and production for forests given in the same ordeerare 0.78/0.62/ 1.00 and 0.86/0.68/ 1.00. Biomass Iper unit basal area appears to be higher in the oak and fen forests in comparison with the swamp. As described earlier, the high taper in Thuja boles led to a low bole volume relative to basal area. Since a large proportion of biomass and production is contributed by boles (Table 9) , such a variation in tree form in the swamp could be a major cause of an overestimate in production based on basal area alone, a fact well recognized in forestry. Density data for the three forests show poor relationships with biomass and production. Ratios for density among oak, fen, and swamp, respectively, are 0.53/1.00/0.82. Although density, biomass, and production have roughly the same relationships in comparisons of oak and swamp forests, density seems to be inversely related to production in the fen where a high proportion of stems are small alders (Alnus rugasa). Since tree size, biomass, and production are roughly proportional within certain age limits, and since average tree size and density are usually inversely related, such a result is not surprising. If the numerous, small alders are subtracted from all three forest densities, density ratios are altered to 0.72/0.83/1.00 for oak, fen, and swamp, respectively, an improvement over the original ratios, but still a poor relationship with biomass or production.
All of these interpretations of differences between forests are confounded by the fact that comparisons are not only between structurally contrasting types, but also between forests of different ages. Different ages do not necessarily signify proportionally different degrees of maturity because the respective dominant species may have quite dissimilar developmental times. Thus, although it is twice as old, the cedar swamp may not be twice as mature in terms of productivity changes over a complete developmental sequence.
Caloric data.-Data in Tables 8 and 9 are given in energy as well as mass units. Because caloric coefficients vary little among plant materials, differences between caloric values and weight values in Table 8 are generally proportional, and energy ratios in Table  9 are basically similar to weight ratios. Some differences in Table 9 reflect fundamental differences in caloric content of certain fractions. These lead to regular deviations in ratios based on mass to ratios based on energy.
The weighted caloric coefficients for foliage tissues (4.690, 4.484, 4.690 kcal/g for oak, fen, and swamp, respectively) are higher than those for fractions comprising production (4.613, 4.452, 4.600) in all three forests. This factor leads to slight decreases in production-to-foliage ratios in changing from weight to energy units. Similarly, the weighted caloric coefficient for fractions involved in production (4.613) is higherithan that for biomass in general (4.580) in the oak forest. The reverse is true in the fen and swamp (4.452 vs. 4.522 and 4.600 vs. 4.639). These differences cause the changes in ratios involving production and biomass which are unique to each forest. The fact that weighted caloric coefficients for foliage are higher than for biomass or production fractions also creates appropriate changes from mass to energy ratios involving litter, production, and biomass.
Discrepancies between mass and energy ratios involving forest floors are chiefly caused by the use of ash-free weight for the H layer (see footnote Table  9 ). This leads to disproportionately high energy contents of H layer material, thereby distorting these ratios.
Where caloric coefficients may be compared with those of Ovington and Lawrence (1967), they vary by no more than 3%.
Efficiencies. Efficiencies of 'energy transformation are provided in four of the many ways which are found in the literature (e.g., Botkin and Malone 1967) (Table 9) . Because all three forests received equal amounts of sunlight, denominators for efficiency ratios are identical and ratios are proportional to, and merely reflect differences in, net annual production. Since the numerators are very small in comparison to the denominators, there is little absolute difference between efficiencies in the three forests ( Table 9) .
The most conservative and least ambiguous of these efficiency ratios is based on total annual radiation which gives values of approximately 0.3%. If only 43 % of total annual radiation is considered as visible light (Szeicz 1966 ) and therefore involved in photosynthesis, efficiencies rise to 0.8 %.
Efficiency may be calculated by considering only radiation impinging during the growing season. This can be done by ignoring possible photosynthesis occurring in bark tissue, and in this case, photosynthesis occurring in Thuja during the arbitrary nongrowing season. The period of time used for seasonal efficiency calculations (5 months) approximates the growing season, but may be somewhat longer than the frost-free season. Trees of this study area have some degree of resistance to frost damage so the frost-free season is not as meaningful as it is for herbaceous ecosystems. More than one-half the annual solar radiation occurs during the growing season, so seasonal efficiencies are less than double annual efficiencies, falling in the order of 0.5%. If only visible light is considered over the growing season, efficiencies rise to the order of 1.3%.
Since efficiencies are proportional to production, the forests are ranked swamp > oak forest > marginal fen in this regard. If the growing season total of visible light is further reduced by the percentage penetrating to the forest floor, efficiencies for oak, fen, and swamp are changed only slightly to 1.33%, 1.02%, and 1.52%.
Interpretation of these efficiencies is limited because only aboveground production is included in the numerator. Comparison of efficiencies among ecosystems is of the greatest value when the ecosystems are highly dissimilar in some fundamental respect; otherwise productivity data are more useful. Efficiency data from contrasting systems such as oceans or grasslands generally entail total production and therefore are not exactly comparable with the efficiency ratios given here.
If 20% (Bray 1963 ) is used as a rough estimate of the ratio of root to shoot production, then total production in oak, fen, and swamp, respectively, would be 10.7, 8.5 and 12.4 mt/ha. This estimate would therefore yield efficiencies 20% higher than each of the efficiencies described for aerial production alone. Root production may actually vary widely from 20% of shoot estimates. Root biomass, and therefore production, may be as low as 15% in wetland species and as high as 30% in upland species. The root-to-shoot ratio for biomass of oaks in the Long Island oak-pine forest was 52%, but a more conservative 35% was used for a production estimator by Whittaker and Woodwell (1969) . The use of 20% for estimating root production in the forests of this study probably underestimates oak forest efficiencies and overestimates fen and swamp efficiencies.
Energetics and species structure.-Production data by individual species within an ecosystem provide (Table 2) , squares indicate tall shrubs, and small, closed circles represent low shrubs or herbaceous species (Table 7) . an opportunity to examine plant community structure in terms of the distribution of a common function, primary production, among the component plant populations of the community. Such an analysis is made with dominance-diversity curves (Whittaker 1965b) constructed from data in Tables 2, 6 , and 7 (Fig. 2) . These curves combine floristic richness (the richness component of diversity) with the distribution of function and, presumably, resources among species (the equitability component of diversity). Although difficult to describe with a single index value, these curves effectively portray much about the structure of plant communities. Caution should be observed in examining these curves because the logarithmic ordinate tends to obscure the concentration of dominance in the top species of the sequence.
The oak forest dominance-diversity curve may best be described as three linear line segments. The upper, and steepest, segment includes the top five species. The second, with the lowest slope, includes 15 intermediates, and the third includes nine species distributed to produce an intermediate slope. The first segment consists of dominant and subdominant tree species and has the least equitability in terms ofdistribution of production among species. To a greater degree than found in either of the other forests, dominance is concentrated in one species. Quercus ellipsoidalis contributes 75% of the basal area and 66% of primary production in this forest. All of the community attributes controlled by canopy species are, to a large degree, held by one species in the oak forest, rendering the forest particularly susceptible to significant alteration if that species were seriously damaged. This is a real possibility on the sand plain since oak wilt (Ceratocystis fagacearum
[Bretz] Hunt) is currently a problem (Anderson and Anderson 1963) and has decimated entire stands of Quercus ellipsoidalis (personal observation). Subdominance is rather closely shared by four tree species in the 1,000-100 kg/ha range. The lowest of these, Amelanchier sp., is actually a subcanopy species. The second line segment in the oak forest curve includes a variety of growth forms including incidental canopy trees, a subcanopy species (Ostrya virginiana), a tall shrub and a low shrub, ferns, and herbaceous angiosperms. The third segment is quite linear and consists of rare or small-sized herbaceous species. Together, these two groups contribute most of the floristic richness but only 4% of production.
The most numerous species (50) were assessed for production in the fen giving it the lowest slope among the curves of Fig. 2 . This community showed an unusually even distribution of dominance among the top four species, Fraxinus nigra, Alnus rugosa, Thuja occidentalis, and Acer rubrum. Whereas one species contributed 66% of production in the oak forest, the top species in the fen contributed only 27% and the top four combined contributed 77%. Below the fourth species the curve is rather concave, indicating increasingly even distribution of production among a wide range of species of all growth forms. Below 2 kg/ha the curve becomes convex as species, all herbaceous, become increasingly rarer.
The dominance-diversity curve for the swamp is similar to that of the fen, especially in the lower portions. There are two dominant species, Thuja occidentalis and Betula papyrifera. The top species, Thuja, contributes 65% of total basal area but only 46% of production. Together, Thuja and Betula papyrifera contribute 73% of production in the swamp. A cluster of four subdominants follows these species, including representatives of the fen, plus occasional, but large individuals of Betula lutea and Larix laricina. In the swamp, as in the oak forest, there are clear demarcations in production between the dominants, subdominants, and other species. Among the lesser species, the curve becomes concave, then convex producing a slight sigmoid character similar to that of the fen curve.
Sigmoid curves are characteristic of communities of intermediate diversity, but individualistic variations occur which may result from special historical or competitive circumstances (Whittaker 1965b ). Very diverse communities have sigmoid curves with moderate slopes throughout. Communities of rigorous environments or low species diversity produce linear curves approximating a geometric series (Whittaker 1965b) . Among the three forests of this study, sigmoid tendencies exist but are not marked, so that from the point of view of curve shape, these communities fall between linear and sigmoid, or low and intermediate diversity types. On the basis of overall slope, the marginal fen possesses the greatest diversity, especially in the canopy dominants.
Several single-value indices expressing the evenness of distribution of some common parameter among species are available (Whittaker 1965b On the basis of floristic richness, dominance diversity curves, equitability, the Brillouin expression, and the distribution of production among strata (Table  9) , the forests may be ranked fen > swamp > oak forest in terms of decreasing complexity.
Primary production on the Anoka Sand Plain
Primary production on the Anoka Sand Plain has received substantial study. Thus an opportunity is provided for comparison of other ecosystems with the three forests of this study. An array of ecosystems studied in Cedar Creek Natural History Area is portrayed with aboveground biomass and production estimates in Fig. 3 . This figure illustrates a typical arrangement of ecosystem types in response to topographic variation ranging from open lakes to upland prairies, savannas, and oak forests, and back down to conifer swamps on former lake basins.
The prairie-savanna-oak woodland sequence described by Ovington et al. (1963) represents a successional series, since without burning, the prairies are invaded by woody species and savannas are converted to oak woodlands. Fires maintained the first two types in the past where soil characteristics and exposure to chronic fires permitted. Today, prairie and savanna types are maintained at Cedar Creek Natural History Area by controlled burning programs.
The prairie-savanna-oak woodland sequence shows an increase in productivity, but not in proportion to the much larger increase in biomass. Biomass-toproduction ratios for aboveground parts are 1.03, 6.36, and 20.06 for prairie, savanna, and woodland, respectively. Thus production is increased at great cost in terms of organic matter and energy stored in the structure of the system. However, the sequence represents a gradient of greater maturity and conservation in the sense of amount of biomass supported per unit of production (Margalef 1963 The four wetland systems range from graminoid littoral systems to forests (Fig. 3) . These physiognomic contrasts are reflected in a broad range of biomass in this group (5.8 to 159.6 t/ha). This range in biomass is not, however, paralleled by production values. In fact, the cattail system with relatively low biomass showed the highest productivity of all the ecosystems studied on the sand plain (16.8 t/ha) (Bray et al. 1959) . Outstanding production by similar marsh ecosystems has also been cited by Westlake (1963).
Production by wild rice (5.8 t/ha) is only 34% of cattail marsh production but 82% of the marginal fen. Production in the total wild rice system was likely to have been seriously underestimated because significant quantities of organic compounds are lost to the pelagic zone from the macrophyte-epiphyte The cedar swamp had the second highest productivity and biomass of all the systems shown in Fig.  3 . It was also the oldest and the most completely stocked'forest in terms of basal area (Table 1) and light-penetration data.
In summary, three major points emerge from this comparison of sand-plain ecosystems. First, a 171-fold range in aboveground biomass exists among the systems examined thus far. Productivity, however, varies only 18-fold. Second, although biomass data for the three forests described in this study seem' rather low in comparison with the only available example (the oak woodland of Ovington et al. 1963) , productivity data are consistent with data on that oak woodland and other sand-plain ecosystems. Third, two classes of ecosystems exist in terms of biomass and production relations: the graminoid type with low biomass-to-production ratios (1.0, 1.0, 1.03 for wild rice, cattail, and prairie systems, respectively), and forest types with very high biomassto-production ratios (20.1, 14.0, 14.0, and 15.5 for oak woodland, oak forest, fen, and swamp, respectively). The only transitional type for which data are available is the savanna with a biomass-to-production ratio of 6.4.
Comparison of data with a regional predictor for production.-Data on Anoka Sand Plain ecosystems provide an opportunity to examine variation in production among native ecosystems in relation to a regional predictor based on environmental factors. Rosenzweig (1968) described such a predictor with his empirical model for net aboveground productivity based on actual evapotranspiration (AET). The rationale for the use of AET as a predictor lies in its integration of solar energy and water availability. It is limited to mature communities because of variation in productivity through successional time. It is also restricted to ecosystems on welldrained soils.
Predicted net, annual aboveground production for upland sites of the Anoka Sand Plain is 8.7 mt/ha (Rosenzweig, personal communication). This prediction is based on a correlation of a broad array of mature ecosystems with the AET of their respective regions, and on an estimate of AET for east-central Minnesota derived from climatological data.
Production of upland systems in Fig. 3 as percentages of the prediction are 1 1 for prairie, 60 for savanna, 94 for oak woodland, and 102 for the oak forest. The close relation of both oak forest production estimates to the predicted value is gratifying and somewhat surprising because more water than usual is lost from the rooting zone through deep percolation on the Anoka Sand Plain. As a result, AET is probably less than estimated on the basis of precipitation and thermal data. Nutrients might also be expected to be limiting due to excessive drainage and low cation-exchange capacity of sandy soils, contributing further to relatively low production. Therefore, it might be expected that primary production would be overestimated by the predictive equation. The similarity of predicted and observed values might be due to the relative youth of the two forests, and it is possible that their productivity will be less in more mature states.
The low productivities of the prairie (0.9 mt/ha) and savanna (5.3 mt/ha) ecosystems relative to both Rosenzweig's standard and the higher productivities of the oak forests might be ascribed to their poorer dunal soils compared with the outwash soils of the oak forests. If AET could be estimated by direct measurements rather than meteorological data, AET might be much lower than estimated, and a revised prediction might meet actual production figures. A related factor may be the superior ability of oak trees compared with prairie plants to exploit the capillary fringes of the generally high water table of the sand plain. Although some upland grasses, notably Andropogon gerardi, do have deep root systems (Weaver 1954) , most cover in the prairie in question consisted of species with relatively shallow root systems (Ovington et al. 1963) . If oaks are superior to local prairie herbs in this respect, this would account for the higher production in the savanna where 63% of the production was contributed by the scattered trees.
Rosenzweig's predictive model is designed for ecosystems on well-drained soils and therefore cannot be compared with results from wetland systems. If potential evapotranspiration is substituted for AET, the new predicted value, 9.3 mt/ha, is intermediate between the fen (7.1 mt/ha) and swamp (10.3 mt/ha) values, but unrelated to the graminoid wetland systems.
In summary, an empirical prediction based on simple meteorological data matched measured productivity for upland oak forests within 10% even though these forests are not mature. Production totals of other native upland communities are substantially lower than this value, presumably because of their inability to fully exploit energy and water resources of the region. This inability may be based on local site variations or structural constraints imposed by periodic fires.
The role of detritus in forest structure and function Energy flow in detritus.-The weight and energy of litter fall and of accumulated detritus are tabulated in Table 8 . These data have been more fully analyzed by Reiners and Reiners (1970). Odum and de la Cruz (1963) reviewed evidence for the importance of detritus in energy-flow patterns of many systems and some of the characteristics of detritusbased ecosystems. The detritus pathway is likely to be preeminent in most terrestrial ecosystems and may be most exaggerated in forest ecosystems.
Data for the forests of this study lend support to this belief. On a weight basis, material falling to the forest floor as detritus represented 3.7%, 4.5%, and 3.1% of the aboveground biomass and 52.4%, 62.5%, and 48.4% of net primary production of the oak, fen, and swamp, respectively. The remaining half of production is divided between long-term storage in the still-growing forests and the grazing pathway. Grazing losses have never been fully assessed in forests. Aboveground losses include consumption of foliage by chewing insects, losses of cell sap to piercing-sucking insects, and losses of buds and fruits to birds and mammals. Only the first type has been measured on a entire ecosystem basis to my knowledge. Whittaker and Woodwell (1969) estimated leaf loss to chewing insects at 3.7% of aboveground production. Bray (1964) estimated similar losses from Ontario forests to range from 1.5% to 2.5% of aboveground production. Perhaps the highest recorded loss through leaf consumption was 13.1% of leaf weight on Quercus petraea by Tortrix viridiana under epidemic conditions (Carlisle, Brown, and White 1966). If we assume that leaf production is 33 % of aboveground net production, this loss amounts to 4.3% of aboveground production. Still, these losses are trivial relative to errors of estimate for forest energetics. Because no estimates of leaf consumption were made in this work, some of the losses to the grazing pathway have, in effect, already been subtracted from net primary production. If they could be determined, they would be added to totals given in Table 8 . Of course some grazing was still likely to have occurred after late August or early September, the time in which the forests were sampled. Such losses would not be added to totals given here but would be diverted from biomass storage, or more likely, from detritus.
It is conceivable that considerable grazing may occur on roots, so that if total production could be tabulated, the grazing fraction might be larger than presently suspected. Furthermore, underground losses might detract not only from subterranean biomass, but shoot growth as well.
Accumulated detritus.-The accumulation of detritus in the forest floor represents an energy and nutrient storage pool, a habitat for many kinds of heterotrophs, and a substratum for plants. The size of the accumulated detritus pool is a function of detrital input, successional time, and decomposition rate (Olson 1963 ). Decomposition rate is, in turn, a function of the nature of the detrital material, temperature, and moisture content (Reiners 1968) . One of the principal structural differences between the three forests of this study was the size and turnover rates of forest floors (Reiners and Reiners 1970) . The mass and energy content increased markedly downslope in these forests (65, 323, and 917 mt/ha), whereas detrital inputs were approximately equal (Table 8) . Thus turnover times (forest floor/input) for all components of forest floors increased from oak to fen to swamp (14, 73, 184 years for total weight). They also represented 7, 46, and 90 years of aboveground production at current rates. Forest floors were 52%, 327%, and 575% of the respective biomasses of the oak, fen, and swamp.
A large amount of detritus in the form of dead tree branches and boles and dead shrubs was found in all three forests but especially in the oak forest. This represented 8.6%, 4.1%, and 2.4% of living, aboveground biomass and 14.2%, 1.2%, and 0.4% of total detritus in oak, fen, and swamp forests, respectively. The sum of forest floor and dead wood (defined as detritus in Table 8 ) was 61%, 331%, and 577% of living biomass in the oak, fen, and swamp forests, respectively. From these figures detritus clearly composes a major parameter of all three forests from both structural and functional points of view. Of course, accumulated detritus is maximized in wetland forests, such as the marginal fen and cedar swamp, where muck and peat have accumulated. For some purposes these deposits might not be defined as forest floors, but as organic soils or even geological deposits. These organic accumulations were collectively treated as forest floors in this study because forest floor humus and muck or peat were not clearly separated in the field, and because of the desirability to lump certain functions of a soil and more surficial layers (Reiners 1968) .
The detritus pathway and system steady state.-About half of net primary production currently follows the detritus pathway in all three forests, and in the fraction of production utilized by heterotrophs, about 90% is probably utilized via the detritus pathway.
If these forests were permitted to develop to full steady states in terms of ecosystem photosynthesis and respiration, net production would theoretically be equaled by heterotroph respiration (Whittaker and Woodwell 1969) . If the division of primary production distributed between grazing and detritus pathways were to remain the same in maturity, litter fall would eventually represent approximately 90% of net primary production. Litter inputs for oak, fen, and swamp forests, respectively, are 52%, 62%, and 48% of net production. These percentages are underestimates because they do not include tree-fall. Sporadic and highly dispersed tree-falls can add significant amounts to detrital input over long terms. But according to these data, the marginal fen-is the closest to steady state and the cedar swamp the least mature-a conclusion contrary to one drawn on the basis of ages of the forests. Two factors may be responsible for these conflicting conclusions. First, the high ratio of litter to production in the fen is distorted upward because some litter fall is contributed by swamp and oak forests. Fen litter is exported to these forests as well, but since litter fall is heavier in oak and swamp than in the fen, the net movement is into the fen (Reiners and Reiners 1970) . Such a contribution to fen litter fall would have to amount to 17% of the present total, however, to reduce the percentage of litter to 52% of production, the level estimated for the oak forest. The second factor is that dominance of a conifer in the swamp may lead to misleading comparison with predominately deciduous forests. Thuja occidentalis has a lower turnover of this foliage via litter fall than deciduous species. As a result, the litter-fall-to-production ratios of the swamp will be lower due to functional attributes of Thuja alone. This characteristic of tree form and function should be considered whenever estimates of maturity based on litter fall/production are compared between forest types.
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